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(57) ABSTRACT 

TWo methodologies are provided: the ?rst provides a means 
for rapidly and ef?ciently identifying essential and func 
tional genes; and the second provides a means for obtaining 
biologically active nucleic molecules (ribozymes, EGSs, 
and antisense,) Which can be used to inactivate functional 
genes. In the ?rst method, a library of EGSs is prepared 
based on all possible known compositions. In a preferred 
embodiment, the EGSs are tWelve or thirteen-mers for 
targeting bacterial RNAse to cleave a substrate. This library 
is added to the cells containing the genes to be screened, for 
example, E. coli. Those cells in Which the EGS causes a loss 
of viability, or other phenotype, are identi?ed. The EGS(s) 
responsible for the loss of viability are analyzed, and the 
resulting sequence information used to identify the gene 
Within the knoWn genomic sequences. In the second method, 
nucleotide molecules With optimal biological activity, for 
example, directing cleavage of a gene of interest by RNase 
P, are rapidly identi?ed through the use of a vector including 
tWo reporter genes, the ?rst in phase With the gene of 
interest, and the second as a control to verify that the vector 
is present in a cell or to aid in selection of cells containing 
the vector. Those cells Where the gene of interest is cleaved 
by the functional oligonucleotide molecule can then be 
identi?ed by reference to reporter gene 1. The responsible 
functional oligonucleotide molecules is then isolated and 
characterized. 

17 Claims, 11 Drawing Sheets 



US 6,248,525 B1 
Page 2 

OTHER PUBLICATIONS 

Graham, et a1., “Characteristics of a Human Cell Line 
Transformed by DNA from Human Adenovirus Type 5,” J. 
Gen Virol. 36:59—72 (1977). 
Guerrier—Takeda, et a1., “Phenotypic conversion of drug—re 
sistant bacteria to a drug sensitivity,” Proc. Natl. Acad. USA 
94:8468—8472 (1997). 
Haseloff, et a1., “Simple RNA Enzymes With NeW and 
Highly Speci?c Endoribonuclease Activities,” Nature 
334:585—591 (1988). 
Kawasaki et a1., “Selection of the best target site for 
riboZyme—mediated cleavage Within a fusion gene for aden 
ovirus E1A—associated 300 kDa protein (p300) and 
luciferase,” Nucl. Acids Res. 24(15):3010—3016 (1996). 
Lieber, et a1., “Selection of Ef?cient Cleavage Sites in Target 
RNAs by Using a RiboZyme Expression Library,” Mol. Cell. 
Biol. 8:466—472 (1995). 
Liu and Altman, “Inhibition of Viral Gene Expression by the 
Catalytic RNA Subunit of RNase P from Escherichia coli, ” 
Genes Dev. 9:471—480 (1995). 
Mather, “Establishment and CharacteriZation of TWo Dis 
tinct Mouse Testicular Epithelial Cell Lines,” Biol. Reprod. 
23:243—252 (1980). 
Mather, et a1., “Culture of Testicular Cells in 
Hormone—Supplemented Serum—Free Medium,” Annals N. 
Y Acad. Sci 383:44—68 (1982). 
MiZuno, et al., “A unique mechanism regulating gene 
expression: translational inhibition by a complementary 
RNA transcript (micRNA),” Proc. Natl. Acad. Sci. USA 
81(7): 1966—70(1984). 

Stein, “HoW to design an antisense oligodeoxynucleotide 
experiment: a consensus approach,” Antisense Nucleic Acid 

Drug Dev 8(2):129—32 (1998). 

Urlaub, et a1., “Isolation of Chinese hamster cell mutants 
de?cient in dihydrofolate reductase activity” Proc. Natl. 
Acad. Sci. USA 77:4216 (1980). 

Yuan, et a1., “Targeted cleavage of mRNA by human RNase 
P,” Proc. Natl. Acad. Sci. USA 89:8006—8010 (1992). 

Zamecnik, et a1., “Inhibition of Rous sarcoma virus repli 
cation and cell transformation by a speci?c oligodeoxy 
nucleotide”, Proc. Natl. Sci. USA 75: 280—284 (1978). 

Zolotukhin, et al., “A ‘HumaniZed’ Green Fluorescent Pro 
tein cDNAAdapted for High—Level Expression in Mamma 
lian Cells,” J. Viral 70:4646—4654 (1996). 

Zoumadakis and Tabler, “Comparative Analysis of cleavage 
Rates After Systematic Permutation of the NUXl Consensus 
Target Motif for Hammerhead RiboZymes,” Nucl. Acids Res. 
23: 1192—1196 (1995). 

Guerrier—Takada, et a1., “Arti?cial regulation of gene 
expression in Escherichia coli by RNase P” Proc. Natl. 
Acad. Sci. USA. 92:11115—11119 (1995). 

Yuan & Altman, “Selection of guide sequences that direct 
ef?cient cleavage of mRNA by Human Ribonuclease P,” 
Science 263:1269—1273 (1994). 



U.S. Patent Jun. 19, 2001 Sheet 1 0f 11 US 6,248,525 B1 

I Fl. 

U 

UCC + GUGUCGCCCUUAU CCCU 

U 

.G .3 

l5 VN 
0R 

e D. 

U m 

e S G N Dn 

- . .5 

q“U ~.~\\.\ _ AC G 

CACACAGCGGGAAUA +. CCGUGUCGCCCUUAUUCC - .5 
U CU 3 

U _ 

_ S 

A G 

_ a CC 6 G 

- - ACACAGCGGGAAUA E 

5 3 

CUUAUU CCGUGUCGCC CC 
U A C U T U CN wR - 

15 m m 3 



U.S. Patent Jun. 19, 2001 Sheet 2 0f 11 US 6,248,525 B1 

\\\ bSI 

\SBEEEP mt. 

_ » F _ 

mum $658,“. 2% .0 

TT 



U.S. Patent Jun. 19, 2001 Sheet 3 0f 11 US 6,248,525 B1 

FIG 2B 

PromoTor (AroBAD) 

T7 Te and rrnB 
Terminators 

3:, Ampicillin or 
" Kclnornycin 

ColE1 

Poren’rcll expression consTrucT= pBAD Guzman, Belin, 
Carlson 8r BeckwiTh (1995) J. BCICTGI'iOl. 177,412] 



U.S. Patent Jun. 19, 2001 Sheet 4 0f 11 US 6,248,525 B1 

FIGS 26‘ 

BAD promofor rrE3N(T1/T2) 
_ _ - ‘ _ - 

O | l -35 -1o ‘ ’ 
are C binding Hm) 

domain 

Bum HI Hind Ill 

4e I EGS <1 * 
-W///////4 

+1 (A) 

EGS library Theoretical complexity 

NIZCACCA 1.6 x 10'‘? 
N" CCACCA 4.2 x 10% 



U.S. Patent Jun. 19, 2001 Sheet 5 0f 11 US 6,248,525 B1 

DAY 1 
Library AraNllb 

Overlnight 
DAY 2 

Grow to OD 0.4 
lnduce +/- 0.2% ARA 

Dilute out pre-existing protein 
| 

Add Selective Agent +/- ARA 
I 

Plate dilutions on LB/amp 
I 

DAY 3 
Allow colonies to grow to pinhead size 

Replica filter lift from ARA + plate 
Make 4 Replicas 

l 
Filter l-Master on LB/amp 

Filter 2- ARA- Minimal Plate 
Filter 3-ARA+ Minimal Plate 

Filter 4-ARA+ Minimal Plate (for Cross Selection) 
I 

4th induction 
l 

Remove Filters to Selective Plates 
Filter 1- Master on LB /amp 

Filter 2— ARA-Minimal + Selective Agent 
Filter 3—ARA+Minimal+Selective Agent 

Filter 4-ARA + Minimal + Cross Selective Agent 
l 

DAY 4 
Identify Large Colonies on ARA 1- Selective Plate 

l 
Pick, Miniprep and Sequence 

FIG. 3 



U.S. Patent Jun. 19, 2001 Sheet 6 0f 11 US 6,248,525 B1 

FIG: 4 

E68 Library 

7 V 
1. Allow range in time for 
E68 induction 

1 

2. Ampicillin selection 

a g E 
l l l 
a a E a 
5 5 E E 3'iif?ilfiilidil‘lfvi 
Fl‘ {I} ‘L A‘ (master plate) 

l 

i 
l 
i 

ll 
l+l(-) (+) (-)(+ E 4. Identification and isolation V 

of cells carrying plasmid 
with active EGS gene by 
replica plating (+/- inducer) 



U.S. Patent 

A600 

A600 

Jun. 19, 2001 Sheet 7 0f 11 US 6,248,525 B1 

1.5" 

1.0‘ 

—I— ARA - 

0.5 ' ——I— ARA+ 

+/— ARA 

I 

0,0 I I I I I I I I I I I l I I I I I | 

—50 0 50 100 150 200 250 300 350 400 
TIME (MINUTES) 

2.51 
2.0" 

1.5 

1.0 
- -——I— ARA — 

05' + ARA+ 

0.0- " 

-so ' é ' 5'0 ' 160' 150' 2'oo' 2150' 3'06 
TIME (MINUTES) 

FIG 5B 



U.S. Patent Jun. 19, 2001 Sheet 8 0f 11 US 6,248,525 B1 

EGS SIZE 

FIG? 6 

‘r in of ere Pr 6 lnT STA 

15000 

W O O 5 ,6 
mmmw m: < 

Q’ 

m 260 L?hoamm m 520E kmtoawm 

FIG 7 



U.S. Patent Jun. 19, 2001 Sheet 9 0f 11 US 6,248,525 B1 

Library of 50 EGS's 
Targeted CIT CAT 

FIG: 8 



U.S. Patent Jun. 19, 2001 Sheet 10 0f 11 US 6,248,525 B1 

511g Cm/m! 

0 No EGS 
v E6820 
0 E6836 
<> E68 52 

250 200 150 100 300 50 

TIME (MINUTES) 

F/G 9A 

25 pg Cm/ml 

00m 

150 200 
TIME (MINUTES) 

250 300 100 50 

FIG 9B 





US 6,248,525 B1 
1 

METHOD FOR IDENTIFYING ESSENTIAL 
OR FUNCTIONAL GENES 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims priority to US. patent application 
Ser. No. 60/079,851 ?led Mar. 30, 1998, by Timothy W. 
Nilsen. 

BACKGROUND OF THE INVENTION 

This is generally in the ?eld of biologically active nucleic 
acid molecules, such as EGSs, riboZymes, and antisense 
RNA, and in the broad ?eld of functional analysis of 
complex genomes, and more speci?cally, the use of biologi 
cally active nucleic acids (RNAS) to speci?cally doWn 
modulate the expression of messenger RNAs that encode 
proteins essential for viability. 

Recent advances in automated DNA sequencing technolo 
gies and their application to the genomes of multiple organ 
isms have resulted in the accumulation of a vast amount of 
nucleotide sequence information. At present, the genomic 
sequences of sixteen bacteria, including several important 
pathogens, most recently the causative agents of tuberculo 
sis and syphilis, have been determined in their entirety. In 
addition, the complete sequence of a “simple” eukaryote 
(Saccharomyces cerevisiae) is knoWn and a similar analysis 
of the nematode C. elegans Will be released shortly. It is 
likely that many more genomic sequences, both prokaryotic 
and eukaryotic, Will be revealed in the near term. 

A major challenge involves the functional analysis of the 
available and forthcoming genomic information; ie deter 
mination of the biological role of genes revealed by 
sequencing. It is particularly important to identify those 
genes that encode proteins essential for viability. Such 
proteins are of clear signi?cance in the development of 
effective chemotherapeutic agents targeted to pathogenic 
organisms. Currently, there are several strategies available, 
alone or in combination, for functional genomic analysis, 
including bioinformatics, expression analysis, and targeted 
gene disruption. Informatics alone is unlikely to provide 
de?nitive neW insight into gene function. For example, 
although E. coli is the best studied organism by far, the 
genomic sequence revealed that approximately forty percent 
of the genes Were of unknoWn function. Expression pro?ling 
provides primarily inferential information, and targeted gene 
disruption, although de?nitive, is labor intensive and time 
consuming. 

Accordingly, it is highly desirable to have a robust, high 
throughput method that identi?es all or most essential genes 
in a particular organism. 

It is therefore an object of the present invention to provide 
an ef?cient method and compositions for the identi?cation 
of genes in bacteria and eukaryotic cells that encode proteins 
essential for survival. 

It is a further object of the present invention to provide 
methods and compositions for reducing or inactivating 
expression of such genes. 

Ribonucleic acid (RNA) molecules can serve not only as 
carriers of genetic information, for example, genomic ret 
roviral RNA and messenger RNA (mRNA) molecules and as 
structures essential for protein synthesis, for example, trans 
fer RNA (tRNA) and ribosomal RNA (rRNA) molecules, 
but also as enZymes Which speci?cally cleave nucleic acid 
molecules. Such catalytic RNA molecules are called 
riboZymes. Although riboZymes theoretically can cleave any 
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2 
desired site in an RNA molecule, in reality not all sites are 
ef?ciently cleaved by riboZymes designed to cleave them. 
This is especially true in vivo Where numerous examples 
have been described of sites that are inefficiently cleaved by 
targeted riboZymes. The problem is not a total lack of sites 
in an RNA molecule of interest, but rather determining 
Which sites, among the many possible sites, can be cleaved 
most efficiently. This is important since it is often desirable 
to identify the most efficient sites of cleavage and not just 
any site that can be cleaved. The process of targeting one or 
a feW sites on an RNA molecule essentially at random and 
then testing for cleavage is not likely to identify the most 
ef?cient sites. Comprehensive testing of all sites is not 
practical because of the amount of labor involved in making 
and testing each riboZyme or external guide sequence 
(“EGS”). WO 96/21731 by Innovir describes selection of 
ef?ciently cleaved sites in this manner by making and testing 
80 different EGSs targeted to different sites. HoWever, this 
represented only a fraction of the possible sites. Techniques 
using similar labor intensive methods for identifying sites 
that are accessible for cleavage are described in US. Pat. 
Nos. 5,525,468 and 5,496,698. 

Kawasaki et al., Nucl. Acids Res. 24(15):3010—3016 
(1996), describes the use of a transcript encoding a fusion 
betWeen adenovirus E1A-associated 300 kDa protein (p300) 
and luciferase to assess the efficiency With Which sites in the 
p300 RNA are cleaved by hammerhead riboZymes in vivo. 
A feW hammerhead riboZymes targeted to sites having GUX 
triplets (Which are required for cleavage by a hammerhead 
riboZyme) Were designed and expressed from a vector in 
cells. Aseparate vector expressed the p300-luciferase fusion 
RNA. Cleavage of sites in the p300 portion of the transcript 
Was assessed by measuring luciferase activity. Kawasaki et 
al. tested each riboZyme separately and therefore their 
method also does not solve the need for a rapid, ef?cient 
selection process. 
As an alternative to actually testing for individual cleav 

able sites, or preliminary to such testing, attempts have also 
been made to predict Which sites Will be accessible from 
theoretical considerations or by empirically testing the pres 
ence or absence of secondary or tertiary structure at sites in 
RNA molecules. For example, Ruffner et al., Biochemistry 
29:10695—10702 (1990), Zoumadakis and Tabler, Nucl. 
Acids Res. 23:1192—1196 (1995), Shimayama et al., Bio 
chemistry 34:3649—3654 (1995), Haseloff and Gerlach, 
Nature 334:585—591 (1988), and Lieber and Strauss, Mol. 
Cell. Biol. 8:466—472 (1995), describe attempts to use rules 
of structure formation in RNA to predict cleavable sites. 
HoWever, the structure of RNA molecules cannot be accu 
rately predicted from theoretical considerations and the 
determination of actual secondary and tertiary structure of 
an RNA molecule requires extensive experimentation. It can 
also be dif?cult to identify riboZymes and other biologically 
active molecules that Will function inside cells since not all 
such biologically active molecules that are functional in 
vitro are functional in cells because they are, for example, 
improperly localiZed, sequestered, or bound by intracellular 
proteins. 

It is therefore an object of the present invention to provide 
a method and compositions for identifying biologically 
active RNA molecules, such as riboZymes, EGSs for 
riboZymes, and antisense RNA, that alter expression of an 
RNA molecule ef?ciently in vivo. 

It is a further object of the present invention to provide a 
method and compositions for identifying sites in an RNA, or 
nucleotide molecules involved in expression of a target 
RNA, that are most accessible as target sites for alteration of 
expression in vivo. 
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It is a further object of the present invention to provide 
functional oligonucleotide molecules directed to sites iden 
ti?ed as accessible. 

SUMMARY OF THE INVENTION 

TWo methodologies are provided: the ?rst provides a 
means for rapidly and ef?ciently identifying essential and 
functional genes; and the second provides a means for 
obtaining biologically active nucleotide molecules 
(riboZymes, EGSs, and antisense), Which can be used to 
inactivate functional genes. 

In the ?rst method, a library of EGSs is prepared based on 
all possible knoWn compositions. This is readily calculated 
knoWing the minimum sequence requirements required for 
targeting and cleavage by RNase P and the length of the EGS 
based on the predicted siZe of the genome to be screened. In 
a preferred embodiment, the EGSs are tWelve or thirteen 
mers for targeting bacterial RNase P to cleave a substrate. 
This library of EGSs is added to the cells containing the 
genes to be screened, for example, E. coli. Additional 
methods may be used to amplify the library, or the cells 
Which survive exposure to the EGSs. Those cells in Which 
the EGS causes a loss of viability, or other phenotype, are 
identi?ed. The EGS(s) responsible for the loss of viability 
are analyZed, and the resulting sequence information used to 
identify the gene Within the knoWn genomic sequences. 

In the second method, nucleotide molecules With optimal 
biological activity, for example, directing cleavage of a gene 
of interest by RNase P, are rapidly identi?ed through the use 
of a vector including tWo reporter genes, the ?rst in frame 
With the gene of interest, and the second as a control to 
verify that the vector is present in a cell or to aid in selection 
of cells containing the vector. For example, the vector may 
include a gene encoding any protein that confers drug 
resistance in a bacteria (the gene of interest) in frame With 
a beta-galactosidase gene (reporter gene 1) and a gene 
encoding antibiotic resistance (reporter gene 2). In the 
preferred embodiment, the vector also includes one of many 
possible functional oligonucleotide molecules (such as an 
EGS), although this can also be provided on a separate 
vector. The vector(s) is added to cells such as E. coli. The 
cells containing the vectors can be isolated by treatment With 
the antibiotic that kills all the cells that do not express the 
gene for antibiotic resistance. Those cells Where the gene of 
interest is cleaved by the functional oligonucleotide mol 
ecule can then be identi?ed by reference to reporter gene 1. 
Those cells Which are identi?ed can then be ampli?ed. In 
one preferred embodiment, the gene of interest is essential 
for viability. In this case, the plate With the bacteria is ?rst 
replicated, then the cells Which are killed by cleavage of the 
mRNA of interest are identi?ed, and the responsible func 
tional oligonucleotide molecules isolated from the duplicate 
plate. 

These methods provide poWerful tools for identifying 
essential genes Whose sequence is knoWn only as part of a 
genome With unknoWn function, as Well as means for 
identifying functional oligonucleotide molecules, useful as 
diagnostic reagents and therapeutics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram of the mechanism of action of EGSs 
(SEQ ID NO:1) on cleavage of target mRNAs (SEQ ID 
NO:2). 

FIG. 2A is a diagram of the constructs used in the 
examples to make an ARA-N11 library (13-mer EGSs, 
NllCCACCA; SEQ ID NO:3), for use in identifying essen 
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4 
tial genes in E. coli. FIG. 2B is a schematic of the pARANx 
(A/K) EGS transcription vector. FIG. 2C is a schematic of 
the pARAN vector and library construction. 

FIG. 3 is a How diagram of the method for induction and 
selection on solid media of the AraNll library in E. coli. 
Only cells expressing an appropriate EGS survive and are 
ampli?ed. 

FIG. 4 is a How diagram of the ampicillin enrichment 
method for selection of EGS targeting essential genes. 

FIGS. 5A and 5B are graphs of the groWth of ampicillin 
selected clone E8-1 (FIG. 5A) and groWth of control (FIG. 
5B) With (circles) and Without (squares) arabinose. 

FIG. 6 is a graph of the relative numbers of active EGSs 
identi?ed in libraries of different siZe EGSs: 9-mers, 
10-mers, ll-mers, and 12-mers. 

FIG. 7 is a diagram of an example of a vector for use in 
the method for identifying functional oligonucleotide mol 
ecules including EGS, riboZymes, and antisense. Reporter 
gene 1 encodes a fusion transcript made up of an RNA of 
interest and RNA encoding a reporter protein (reporter 
protein A). The fusion transcript encodes a fusion protein 
made up of the protein encoded by the RNA of interest and 
reporter protein A. Reporter gene 2 encodes reporter protein 
B. The targeting gene encodes one of the functional oligo 
nucleotide molecules to be tested. 

FIG. 8 is a diagram of an example of a vector for use in 
the method to identify functional oligonucleotide molecules. 
Reporter gene 1 encodes a fusion transcript made up of an 
RNA encoding chloramphenicol acetyltransferase (CAT) 
and RNA encoding [3-galactosidase (reporter protein A). The 
fusion transcript encodes a fusion protein made up of CAT 
and [3-galactosidase. Reporter gene 2 is an ampicillin resis 
tance gene. The targeting gene is an EGS cassette encoding 
one of a library of 50 EGS molecules, each targeted to a 
different site in the CAT RNA. 

FIGS. 9A and 9B are graphs of cell culture density (A600) 
versus time (in minutes) of cells in the presence of 5 pig/ml 
chloramphenicol (FIG. 9A) or 25 pig/ml chloramphenicol 
(FIG. 9B). The cells contained a vector similar to the vector 
shoWn in FIG. 8 that did not encode an EGS (circles), 
encoded EGS 36 (triangles), encoded EGS 20 (inverted 
triangles), or encoded both EGS 52 (diamonds). 

FIG. 10 is a graph of the percent inhibition of chloram 
phenicol acetyl transferase (CAT) activity by EGS-CAT-l, 
EGS-CAT-2, EGS-20, EGS-31, EGS-36, and EGS-52. Each 
X represents an EGS complementary to a speci?c sequence 
of the mRNA transcript of the CAT gene. The X’s shoW that 
EGSs Were recovered and that the library Was represented in 
the experiment. The circles indicate the relative ef?ciency by 
Which each EGS knocks doWn the expression of the targeted 
gene. 

DETAILED DESCRIPTION OF THE 
INVENTION 

There are tWo general methods described, the ?rst for 
identi?cation of essential or functional genes in a knoWn 
genome using EGSs, and the second for identifying func 
tional oligonucleotide molecules, including EGSs, 
riboZymes and antisense, Which are active on a desired RNA 
molecule. In the preferred embodiment of the latter method, 
the functional oligonucleotide molecules are EGSs and the 
desired RNA molecule is the RNA transcribed from a knoWn 
gene. 
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I. De?nitions and General Elements of the Methods and 
Reagents 

Ribonucleic acid (RNA) molecules can serve not only as 
carriers of genetic information, for example, genomic ret 
roviral RNA and messenger RNA (mRNA) molecules and as 
structures essential for protein synthesis, for example, trans 
fer RNA (tRNA) and ribosomal RNA (rRNA) molecules, 
but also as enZymes Which speci?cally cleave nucleic acid 
molecules or as elements Which direct an enZyme Which 
speci?cally cleaves nucleic acid molecules. Any of these 
RNAs can be a target for cleavage or inactivation by a 
functional oligonucleotide molecule. 
Akey advantage of the disclosed methods and vectors is 

the assessment of alteration of expression of an RNA of 
interest in an in vivo setting Which Will be the same or 
similar to the setting Where identi?ed functional oligonucle 
otide molecules, or affect or oligomers based on such 
identi?ed RNA molecules, Will be used. Another advantage 
of the disclosed methods is that all, or a substantial number, 
of the accessible sites in the RNA of interest can be 
determined in one assay. Such sites, determined to be 
accessible for one type of functional oligonucleotide 
molecule, may be accessible for other types of functional 
oligonucleotide molecules. In the case of riboZymes and 
EGSs, the disclosed methods alloW assessment not just of 
cleavage of the RNA of interest, but also of an ultimate 
desired phenotype (that is, loss of the phenotype supported 
by the RNA of interest) as a result of such cleavage. 

A. RNA Molecules of Interest 
The RNA molecule of interest can be any RNA molecule 

or portion of an RNA molecule that can be transcribed. It is 
preferred that the RNA molecule of interest be an RNA 
molecule involved in the expression of a gene of interest, the 
expression of Which is to be inhibited. The RNA molecule 
can be a mRNA, a portion of a mRNA, a pre-mRNA 
including introns, or an intron. Alternatively the RNA mol 
ecule can be a viral RNA. 

Important pathogens include the bacteria Pseudomonas 
aeruginosa, Mycobacterium tuberculosis, Hemophilus 
in?uenzae, Staphylococcus aureus, Mycoplasma 
pneumoniae, Escherichia coli, Streptococcus pneumoniae, 
Neisseria gonorrhaoeae, Streptococcus viridans, Strepto 
coccus pyogenes, Proteus mirabilis, Proteus vulgaris, Sal 
monella typhimnurium, Shigella dysentereae, Clostridium 
dij?cile, and Klebsiella pneumoniae, and the fungi Candida 
albicans, Aspergillus ?avus, Aspergillus fumagatus, and 
Histoplasmatus capsulatum. 

B. Functional oligonucleotide molecules. 
Functional nucleotide (typically an RNA) molecules are 

designed to alter, or preferably inhibit, the expression of an 
RNA of interest. These molecules can be riboZymes, EGSs 
for RNase P, or antisense RNA. RiboZymes and EGSs 
inhibit expression of an RNA molecule by cleaving or 
mediating cleavage of the RNA molecule at a targeted site. 
Antisense RNA or DNA inhibits expression of an RNA 
molecule through a sequence-speci?c interaction With the 
RNA molecule. 

External Guide Sequences (“EGSs”) 
Any RNA sequence in a prokaryotic or eukaryotic cells 

can be converted into a substrate for RNase P. In bacterial 
cells, the substrate is created using an EGS having at its 5‘ 
terminus nucleotides complementary to the nucleotides 3‘ to 
the cleavage site in the RNA to be cleaved and at its 3‘ 
terminus the nucleotides NCCA (N is any nucleotide). This 
is described in US. Pat. No. 5,168,053, WO 92/03566 and 
Forster and Altman, Science 238:407—409 (1990). 
EGS for promoting RNase P-mediated cleavage of RNA 

has also been developed for use in eukaryotic systems as 
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6 
described by US. Pat. No. 5,624,824, Yuan et al., Proc. Natl. 
Acad. Sci. USA 89:8006—8010 (1992), WO 93/22434, WO 
95/24489, and WO 96/21731. As used herein, “external 
guide sequence” and “EGS” refer to any oligonucleotide or 
oligonucleotide analog that forms, in combination With a 
target RNA, a substrate for RNase P. EGS technology has 
been used successfully to decrease levels of gene expression 
in both bacteria (Altman et al. (1993)) and mammalian cells 
in tissue culture (Yuan et al., Proc. Natl. Acad. Sci. USA 
89:8006—8010 (1992); Liu and Altman, Genes Dev. 
9:471—480 (1995)). 
The requirements for an EGS functional With prokaryotic 

RNase P are less stringent than those for a eukaryotic EGS. 
The critical elements of a prokaryotic EGS are (1) nucle 
otide sequence Which speci?cally binds to the targeted RNA 
substrate to produce a short sequence of base pairs 3‘ to the 
cleavage site on the substrate RNA and (2) a terminal 
3‘-NCCA, Where N is any nucleotide, preferably a purine. 
The sequence generally has no feWer than four, and more 
usually six to ?fteen, nucleotides complementary to the 
targeted RNA. It is not critical that all nucleotides be 
complementary. The rate of cleavage is dependent on the 
RNase P, the secondary structure of the hybrid substrate, 
Which includes the targeted RNA and the presence of the 
3‘-NCCA in the hybrid substrate. Eukaryotic EGSs also 
promote cleavage by prokaryotic RNase P and can be used 
for this purpose. 
An EGS for promoting cleavage by eukaryotic RNase P, 

referred to herein as a eukaryotic EGS, contains sequences 
Which are complementary to the target RNA and Which 
forms secondary and tertiary structure akin to portions of a 
tRNA molecule. A preferred form of eukaryotic EGS con 
tains at least seven nucleotides Which base pair With the 
target sequence 3‘ to the intended cleavage site to form a 
structure like the amino acyl acceptor stem (A stem), nucle 
otides Which base pair to form a stem and loop structure 
similar to the T stem and loop, folloWed by at least three 
nucleotides that base pair With the target sequence to form 
a structure like the dihydroxyuracil stem. Another preferred 
form of eukaryotic EGS, referred to herein as a Short 
External Guide Sequence (SEGS), provide a minimal struc 
ture recogniZed as a substrate by RNase P When hybridiZed 
to a target molecule. The SEGS/target RNA complex 
includes structures similar to the A stem and the T stem of 
a tRNA, the natural substrate of RNase P. 
RiboZymes 
RiboZymes include any trans-cleaving catalytic nucleic 

acid. Several classes of such riboZymes are knoWn and have 
been either adapted or designed to cleave RNA molecules in 
a site-speci?c manner. Intron-derived riboZymes are derived 
from self-excising introns found in Tetrahymena RNA, as 
described in US. Pat. No. 4,987,071, WO 88/04300, and 
Cech, Annu. Rev. Biochem. 59:543—568 (1990). Hammer 
head riboZymes are derived from self-cleaving RNA mol 
ecules present in certain viruses (BuZayan et al., Proc. Natl. 
Acad. Sci. USA 83:8859—8862 (1968); Forster and Symons, 
Cell 50:9—16 (1987)). Design of hammerhead riboZymes for 
the speci?c cleavage of target RNA molecules and their use 
is described in US. Pat. No. 5,254,678, WO 89/05852, EP 
321021, and US. Pat. No. 5,334,711. Derivatives of ham 
merhead riboZymes are described in US. Pat. No. 5,334, 
711; WO 94/13789; and WO 97/18312. Axehead riboZymes 
are derived from self-cleaving domains in some viroid 
RNAs such as hepatitis delta virus (US. Pat. Nos. 5,527, 
895; 5,225,337, WO 91/04319, and WO 91/04324). 
RiboZymes can also be produced using in vitro evolution 
techniques (WO 95/24489 and US. Pat. No. 5,580,967). 



US 6,248,525 B1 
7 

Antisense 
Antisense molecules are usually single stranded DNA or 

RNA molecules, or their substituted analogues, Which can 
bind to the target RNA through Watson and Crick base 
pairing and prevent the translation of these RNAs (Stein C 
A, Antisense Nucleic Acid Drug Dev 8(2):129—32 (1998); 
Crooke S T, Antisense Nucleic Acid Drug Dev 8(2):115—22 
(1998); Akhtar S, J Drug Target. 5(4):225—34 (1998); 
MiZuno, T., et al., Proc. Natl. Acad. Sci. USA, 81, (1983); 
Crooke S T, Biotechnol Genet Eng Rev 15:121—57 (1998); 
Zamecnik, in Prospects for Antisense Nucleic Acid Therapy 
of Cancer and Aids, ed., Wickstrom, Wiley-Liss, NeW 
York)). They are usually 15 to 30 nucleotides long and have 
been used Widely to inhibit expression of various proteins 
(Zamecnick, P. C. and Stevenson, M. L. Proc. Natl. Acad. 
Sci., USA, 75, 280 (1978); AgraWal, S., Proc. Natl. Acad. 
Sci., USA, 85, 7089, (1988)). In addition to the inhibition of 
translation of the mRNA, DNA based antisense can also 
inhibit expression of proteins by presenting the DNA-RNA 
hybrid as a target for cleavage by the endogenous RNaseH 
enZyme (Crooke S T, Antisense Nucleic Acid Drug Dev 
8(2):133—4 (1998); Caselmann et al., Intervirology 40(5—6) 
:394—9 (1997); Giles, R. V. and Tidd, D. M., Nucleic Acid 
Res., 20, 763 (1992)), thereby destroying the target RNA. 
The antisense molecules can be made more resistant to 
nucleases by introducing chemical modi?cations, such as 2‘ 
modi?cations and phosphorothioate diester linkages instead 
of the phosphodiester linkage (AgraWal S and Zhao Q, 
Antisense Nucleic Acid Drug Dev 8(2):135—9 (1998); 
AgraWal, S., et al, Proc. Natl. Acad. Sci., USA, 85, 7089, 
(1988)) and duplexes of these molecules With an RNA is 
recogniZed by RNaseH. 

C. Vectors. 
The disclosed methods use vectors Which have certain 

elements in common, including reporter genes, genes for 
selection of cells Which do, or do not, contain the functional 
oligonucleotide molecules, and the necessary sequences for 
expression and replication of the vectors. The disclosed 
vectors are generally of tWo forms, With each form adapted 
to either the assay for identifying essential and functional 
genes or the assay to identify functional oligonucleotide 
molecules. These are generally described as folloWs. 

Vectors for Use in Identifying Essential or Functional 
Genes 

Vectors for use in the method of identifying essential or 
functional genes encode a functional oligonucleotide mol 
ecule including a degenerate targeting sequence. By includ 
ing the degenerate targeting sequence, the set of encoded 
functional oligonucleotide molecules include functional oli 
gonucleotide molecules targeted to every possible sequence. 
The length of the targeting sequence is preferably chosen to 
match the length of unique sequences present in the genome 
of cells to be assayed. This relationship is described in more 
detail beloW. The effect is to obtain a set of vectors that 
collectively encode a set of functional oligonucleotide mol 
ecules targeted to every possible unique sequence in the 
genome of the cells of interest. The set of vectors is 
transformed or transfected into the cells, and the cells 
screened or selected for cell death or for a change in a 
phenotype of interest. The selected cells harbor the func 
tional oligonucleotide molecules Which are targeted to 
essential or functional genes in the cells. The functional 
oligonucleotide molecules can then be identi?ed by charac 
teriZing the vectors in the cells. The genes targeted by the 
functional oligonucleotide molecules can be identi?ed by 
correlating the targeting sequences in the functional oligo 
nucleotide molecules With the knoWn genomic sequences. 
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Vectors for Use in Identifying Functional oligonucleotide 

molecules 
Vectors for use in functional oligonucleotide molecule 

assays include a reporter gene 1 encoding the fusion tran 
script including the RNA molecule of interest and RNA 
encoding reporter protein A. Inactivation of the RNA mol 
ecule of interest alters expression of the reporter protein A. 
The vectors also include a second reporter gene 2 encoding 
a second reporter protein B. Expression of the second 
reporter protein B can be used both to detect transformation 
or transfection of the vector into cells and as a control for 
effects on the expression of the ?rst reporter protein that are 
not due to inhibition of expression of the RNA molecule of 
interest. The vector also encodes a functional oligonucle 
otide molecule targeted to the RNA of interest. The method 
preferably uses a set of these vectors Where each vector in 
the set encodes a different functional oligonucleotide 
molecule, each targeted to a different site in the RNA 
molecule of interest. The set of vectors is transformed or 
transfected into appropriate cells, and the cells are screened 
or selected for expression of the second reporter protein B. 
The cells expressing reporter protein B are then screened or 
selected for those cells Which do not express the ?rst reporter 
protein A, or express reporter protein A only at a loW level. 
These cells harbor the most ef?cient functional oligonucle 
otide molecules Which then can be identi?ed by character 
iZing the vectors in the cells. 
The vectors can be autonomously replicating vectors, 

viral vectors, nucleic acids that integrate into the host 
chromosome, and transiently expressed nucleic acid mol 
ecules. The reporter genes can be expressed using any 
suitable expression sequences. Numerous expression 
sequences are knoWn and can be used for expression of the 
reporter genes. Expression sequences can generally be clas 
si?ed as promoters, terminators, and, for use in eukaryotic 
cells, enhancers. Expression in prokaryotic cells also 
requires a Shine-Dalgamo sequence just upstream of the 
coding region for proper translation initiation. Inducible 
promoters are preferred for use With the ?rst reporter gene 
since it is preferred that expression of the ?rst reporter gene 
be adjustable. 

It is preferred that plasmid vectors containing promoters 
and control sequences Which are derived from species 
compatible With the host cell be used With these hosts. It is 
preferred that the vector carry a replication sequence. The 
vectors can be used to transiently transfect or transform host 
cells, or can be integrated into the host cell chromosome. 
Preferably, hoWever, the vectors include sequences that 
alloW replication of the vector and stable or semi-stable 
maintenance of the vector in the host cell. Many such 
sequences for use in various eukaryotic and prokaryotic cells 
are knoWn and their use in vectors routine. Generally, it is 
preferred that replication sequences knoWn to function in 
host cells of interest be used. For example, use of the origin 
of replication from vectors such as pBR322 and pUC19 are 
preferred for prokaryotic cells, origins of replication from 
such vectors as YEP24 and YRP17 are preferred for fungal 
cells, and origins of replication from SV40 and pEGFP-N 
are preferred for eukaryotic cells. All of these examples are 
commercially available (NeW England Biolabs; Clontech). 
A preferred vector for use in prokaryotic cells is 

Bluescript-SK+ (Stratagene). A preferred vector for use in 
eukaryotic cells is the shuttle vector pEGFP-N (Clontech). 
This vector encodes a green ?uorescent protein (GFP) that 
has been optimiZed for maximal activity in mammalian cells 
and is designed for expression of GFP fusion proteins. This 
vector also contains a multiple cloning site (MCS) 5‘ to the 
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GFP sequence Which is designed for creating fusion proteins 
in all three reading frames. The MCS can be used for 
inserting DNA encoding an RNA of interest to generate a 
gene encoding a fusion transcript Which encodes a fusion 
protein. 

Reporter proteins can be any proteins Which can be 
detected either directly or indirectly. These include enzymes, 
such as [3-galactosidase, luciferase, and alkaline 
phosphatase, that can produce speci?c detectable products, 
and proteins that can be directly detected. Virtually any 
protein can be directly detected by using, for example, 
speci?c antibodies to the protein. A preferred reporter pro 
tein that can be directly detected is the green ?uorescent 
protein (GFP). GFP, from the jelly?sh Aequorea Victoria, 
produces ?uorescence upon exposure to ultraviolet light 
Without the addition of a substrate (Chal?e et al., Science 
263:802—5 (1994)). A number of modi?ed GFPs have been 
created that generate as much as 50-fold greater ?uorescence 
than does Wild type GFP under standard conditions 
(Cormack et al., Gene 173:33—8 (1996); Zolotukhin et al.,]. 
Viral 70:4646—54 (1996)). This level of ?uorescence alloWs 
the detection of loW levels of expression in cells. 

Reporter proteins producing a ?uorescent signal are use 
ful since such a signal alloWs cells to be sorted using FACS. 
Another Way of sorting cells based on expression of the 
reporter protein involves using the reporter protein as a hook 
to bind cells. For example, a cell surface protein such as a 
receptor protein can be bound by a speci?c antibody. Cells 
expressing such a reporter protein can be captured by, for 
example, using antibodies bound to a solid substrate, using 
antibodies bound to magnetic beads, or capturing antibodies 
bound to the reporter protein. Many techniques for the use 
of antibodies as capture agents are knoWn and can be used 
With the disclosed method. A preferred form of cell surface 
protein for use as the ?rst reporter protein is CD8 When the 
second reporter protein is CD4, otherWise CD4 is preferred. 

The reporter protein can also be a protein that regulates 
the expression of another gene. This alloWs detection of 
expression of the reporter protein by detecting expression of 
the regulated gene. For example, a repressor protein can be 
used as the reporter protein. Inhibition of expression of the 
reporter protein Would then result in derepression of the 
regulated gene. This type of indirect detection alloWs posi 
tive detection of inhibition of the expression of the reporter 
protein by the functional oligonucleotide molecule. One 
preferred form of this type of regulation is the use of an 
antibiotic resistance gene regulated by a repressor protein 
used as the reporter protein. By exposing the host cells to the 
antibiotic, only those cells in Which expression of the 
reporter gene has been inhibited Will groW since expression 
of the antibiotic resistance gene Will be derepressed. It is 
preferred that the second reporter protein be a protein that 
confers antibiotic resistance on the host cell or a cell surface 

protein. The use of an antibiotic resistance protein is pre 
ferred in prokaryotic host cells, and the use of a cell surface 
protein is preferred in eukaryotic host cells. The most 
preferred cell surface protein for use as the second reporter 
protein is CD4. 

Genes encoding proteins for use as selection agents can 
also be inserted into the vectors. Exemplary agents are 
shoWn in Table 1. Agents can confer resistance to an 
antibiotic or other toxic agent to the cell, or aid in selection 
of cells containing functional oligonucleotide molecules. 
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TABLE 1 

Selection Agents 

AGENT AGENT FUNCTION 

Cycloserine analog of D-Ala. Inhibits peptidoglycan 
synthesis enzymes 
At concentrations greater than 2%, 
inhibits cell Wall biosynthesis enzymes 
Nucleoside analogue inhibits thymidylate 
synthetase and DNA synthesis 
Nucleoside analogue inhibits thymidylate 
synthetase and DNA synthesis 
Toxic nucleic acid analogue 
uptake controlled by Mg++ transport 
system. Accumulation is lethal. 
Uptake controlled by Mg++ transport 
system. Accumulation is lethal. 
DNA gyrase inhibitor 
Binds to lipid A, increasing cell Wall 
permeability 

Glycine 

5 Fluoro 2' Deoxyuridine 

5 Fluoro 5' Deoxyuridine 

5 Fluoroorotic Acid 
Cobalt 

Ferrous Iron 

Nalidixic Acid 
Polymyxin B 

The vectors can be constructed using Well established 
recombinant DNA techniques (see, for example, Sambrook 
et al., Molecular Cloning: A Laboratory Manual, second 
edition, Cold Spring Harbor Laboratory Press, NeW York 
(1990)). It is preferred that a base vector be prepared ?rst. 
Then DNA encoding an RNA molecule of interest can be 
inserted into this base vector to form a second base vector. 
A different second base vector can be constructed for each 
RNA molecule of interest. Finally, libraries of DNA encod 
ing functional oligonucleotide molecules can be inserted 
into appropriate second base vectors. The same base vector 
can be easily used With any RNA molecule of interest, and 
the same second base vector can be used With any appro 
priate library of functional oligonucleotide molecules. For 
example, the same second base vector can be used for a 
library of ribozymes, a library of EGSs, and a library of 
antisense RNA molecules. 

Host cells can be transformed With the disclosed vectors 
using any suitable means and cultured in conventional 
nutrient media modi?ed as is appropriate for inducing 
promoters, selecting transformants or detecting expression. 
Suitable culture conditions for host cells, such as tempera 
ture and pH, are Well knoWn. The concentration of plasmid 
used for cellular transfection is preferably titrated to reduce 
the possibility of expression in the same cell of multiple 
vectors encoding different functional oligonucleotide mol 
ecules. 

Preferred prokaryotic host cells for use in the disclosed 
method are E. coli cells. Preferred eukaryotic host cells for 
use in the disclosed method are monkey kidney CVI line 
transformed by SV40 (COS-7, ATCC CRL 1651); human 
embryonic kidney line (293, Graham et al. J. Gen Virol. 
36:59 [1977]); baby hamster kidney cells (BHK, ATCC CCL 
10); chinese hamster ovary-cells-DHFR (CHO, Urlaub and 
Chasin, Proc. Natl. Acad. Sci. (USA) 77:4216, [1980]); 
mouse sertoli cells (TM4, Mather, Biol. Reprod. 23:243—251 
[1980]); monkey kidney cells (CVI ATCC CCL 70); african 
green monkey kidney cells (VERO-76, ATCC CRL-1587); 
human cervical carcinoma cells (HELA, ATCC CCL 2); 
canine kidney cells (MDCK, ATCC CCL 34); buffalo rat 
liver cells (BRL 3A, ATCC CRL 1442); human lung cells 
(W138, ATCC CCL 75); human liver cells (hep G2, HB 
8065); mouse mammary tumor (MT 060562, ATCC 
CCL51); TRI cells (Mather et al., Annals NY. Acad. Sci 
383:44—68 (1982)); human B cells (Daudi,ATCC CCL 213); 
human T cells (MOLT-4, ATCC CRL 1582); and human 
macrophage cells (U-937, ATCC CRL 1593). 
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II. Method for Identi?cation of Essential or Functional 
Genes 
Amethod that employs combinatorial libraries of EGSs to 

identify mRNAs that encode proteins essential for viability 
or other function in cells, has been developed. The examples 
demonstrate the method as used in a bacteria such as E. coli. 
EGSs are short oligoribonucleotides of the general com 

position NnyNACCA. If such sequences anneal to comple 
mentary sequence in a second RNA, the duplex serves as a 
substrate for RNase P. RNase P is a ubiquitous enZyme 
Whose normal role in cellular metabolism is 5‘ end matura 
tion of transfer RNA. All characteriZed RNase P’s are 
comprised of RNA and protein components. In bacteria, 
there is a single protein subunit and a single RNA subunit; 
the RNA component is catalytic. In tRNA maturation, 
RNase P recogniZes determinants in the acceptor stem, the 
D loop and the non-duplexed CCA; indeed the CCA is 
knoWn to form base pairs With the RNA subunit of the 
enZyme. 

The EGS binds via base pairing to another RNA (the 
target). The RNA—RNA duplex mimics the natural tRNA 
substrate of RNase P and recruits the enZyme, Which cleaves 
the target RNA at the single-strand/double-strand boundary. 
There exist no knoWn sequence or base composition restric 
tions on the helical region; accordingly EGSs can, in theory, 
direct RNase P cleavage of any RNA in the cell, including 
mRNA. The ability of RNase P to cleave RNAs other than 
its natural substrates serves as the underlying rationale for 
methodology described beloW. 

General outline of the experimental strategy for identi? 
cation of mRNAs encoding essential genes 

The underlying assumption in the experimental design is 
that all (or most) mRNAs can be cleaved by RNase P in the 
presence of an appropriate EGS sequence. Thus, if all 
possible EGS sequences can be expressed, a subset of these 
Will cause cleavage of mRNAs encoding proteins essential 
for cell viability. Recovery and characteriZation of these 
“active” EGS sequences alloWs identi?cation of the targeted 
mRNA (gene) via a variety of strategies. Necessary prereq 
uisites for the successful application of this concept include 
the ability to synthesiZe and express all or most possible 
EGSs and a method to isolate the EGSs that elicit the desired 
phenotype (e. g. cell death). Further there perforce must exist 
EGSs capable of causing near complete destruction of the 
message of interest. 

In this regard, it is not at present possible to predict Which 
EGSs Will be most effective. Using rational design, Altman 
and colleagues could achieve only modest reduction of 
speci?c mRNAs using single EGS sequences (Guerrier 
Takeda, C., et al. Proc. Natl. Acad. USA 94, 8468—8472, 
1997). Biologically signi?cant reduction Was observed When 
EGS sequences Were used either in combination (i.e. mul 
tiple EGSs targeted to the same mRNA) or When the ratio of 
EGS/target Was extremely high. To ascertain Whether it Was 
feasible or reasonable to expect that a single EGS could 
severely doWn-regulate the expression of a speci?c mRNA, 
a library of ?fty-tWo EGS sequences targeted to the chloram 
phenicol acetyltransferase mRNA Was designed and found 
that only one of the ?fty-tWo EGS caused 290% reduction 
in gene expression. These experiments are summariZed in 
detail beloW in Example 4. The results of these examples 
have three important implications to the design of the 
method to identify essential or functional genes: 1) it is 
reasonable to expect that a single EGS can elicit complete or 
near complete degradation of a speci?c mRNA; 2) only 
approximately one in ?fty EGS sequences is likely to 
achieve the level of inhibition required; and 3) current 
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methods of predicting those EGSs that are likely to be active 
in vivo are unreliable. This last consideration makes it 
highly unlikely that appropriate EGS sequences could be 
designed to assess in a systematic Way the function of each 
knoWn gene in a bacterial genome. Furthermore, the fact that 
only a small subset of EGSs targeted to a speci?c gene are 
likely to elicit a biological effect impinges on the design of 
a genome Wide screen and the interpretation of results. 

Based on calculations as shoWn in the examples, the 
random or overlapping sequence in the EGSs for use in 
identifying essential or functional genes in bacteria Will 
typically be betWeen N10_13; in fungi, it Will typically be 
betWeen N10_15, and in mammalian cells, it Will typically be 
betWeen N10_18, folloWed by sequence required to target the 
RNase P of the host cell to cleave the targeted RNA. In the 
case of the prokaryotic RNase P, this is as simple as ACCA; 
the structures required for the eukaryotic RNase P are more 
complex, and can be designed as necessary as discussed 
above, to create a structure similar to that of a portion of a 
tRNA molecule. 

This method Will be further understood by reference to the 
folloWing non-limiting examples. 

EXAMPLE 1 
Initial Proof of Principle of Genome Wide Functional Analy 
sis Using Libraries of EGS Sequences 

Design of EGSs 
Initial experiments employed 13mer EGS sequences 

Where the tWo 3‘ most positions Were ?xed as cytosines. 
Accordingly, the EGS had the sequence N11CC, folloWed by 
ACCA; 5‘-N11CCACCA-3‘. Thirteen Was chosen because 
any speci?c 13mer should be statistically unique in the E. 
coli genome Which has a complexity of approximately 
4x106 base pairs, or 8x106 if both strands are considered 
separately. Note that the effective complexity of the genome 
is 4><106 because only one strand of DNA is transcribed. The 
chance of ?nding any speci?c 13mer sequence is approxi 
mately 1/3><107. The second consideration involved in choos 
ing 13mer sequences Was the fact that 13 Was the shortest 
EGS knoWn at the time of the experiment to elicit an effect 
in vivo. 

Conditional expression of EGS sequences 
The overall goal of the experimental design is the iden 

ti?cation of EGS sequences that elicit cleavage of mRNAs 
encoding proteins essential for viability. A straightforWard 
and explicit consequence of this design is that EGS expres 
sion must be regulatable; ie if EGS expression Was 
constitute, those cells harboring the desired sequence Would 
die and consequently the appropriate cells Would be lost 
upon propagation of the library. There are many regulatable 
promoters knoWn in E. coli. Particularly preferred promoters 
initiate transcription at the site of insertion of foreign 
sequences (eg the regulatable arabinose promoter). The 
example uses the ara C-pBAD system for conditional 
expression of EGS sequences. This is a tightly regulated 
system Where transcription is repressed in the absence of 
arabinose and induced in the presence of loW levels of 
arabinose. 

FIGS. 2A—C shoWs the constructs and plasmids used in 
the experiments. The ara c-pBAD promoter is immediately 
juxtaposed to an invariant A (to facilitate initiation of 
transcription) folloWed by the EGS-ACCA sequence. This 
sequence in turn is folloWed by the T7e transcriptional 
terminator. Transcripts from such constructs contain the 
EGS-ACCA sequence and the terminator. Altman previously 
observed that sequence 3‘ to the EGS-ACCA does not 
interfere With EGS function. Indeed, the presence of the 
terminator sequence With its attendant 3‘ stem loop structure 
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enhances EGS-mediated activity, presumably because the 
stem-loop renders the short transcripts more resistant to 
decay. Thus, EGS sequences attached to the terminator 
accumulate to higher steady state levels than EGS sequence 
alone (i.e. those generated by cis-acting riboZymes). 

The expression Was assessed by RNA blot analysis of 
EGS sequence under a variety of conditions. As expected, no 
expression is observed in cells harboring the EGS plasmid if 
arabinose is not added to the groWth media. In the presence 
of arabinose, EGS expression is readily detected and a high 
steady state level of transcript is observed folloWing 30 
minutes of induction. This level of expression is maintained 
for several hours. 

Design of combinatorial EGS libraries 
Alibrary of randomiZed EGSs Was created by ligating the 

appropriate DNA insert into the pBAD plasmid to express 
all possible EGS sequences. The ligated plasmids Were then 
used to transform E. coli. Sufficient independent transfor 
mants Were obtained to insure that the entire library Was 
represented (complexity of EGS sequences Was approxi 
mately 4x106; independent transformants obtained Was 
approximately 2x107; this number of transformants gives 
95% con?dence that all members of the library are 
represented). FolloWing transformation, the library (each 
bacteria contains one plasmid, hence one EGS) Was ampli 
?ed via liquid groWth under non-inducing conditions. Many 
(greater than 50) individual plasmids, Were then puri?ed and 
sequenced to verify that the sequence of the insert Was 
correct and that there Were no nucleotide biases in the 
randomiZed (EGS) region. 

Initial tests of ef?cacy of the 13mer EGS library. 
The identi?cation of those EGS sequences that, When 

expressed, cause lethality, normally involves the analysis of 
many thousands of individual bacterial colonies. 
Accordingly, a technique Was developed to prove the utility 
of the EGS libraries via a streamlined approach. The method 
takes advantage of the fact that several chemical agents are 
toxic to E. coli only When certain non-essential genes are 
expressed. Thus, survival of bacteria in the presence of such 
agents is dependent upon the absence of a functional gene 
product. For example, high levels of cobalt are lethal to E. 
coli. This lethality results from accumulation of cobalt ion 
inside the cell. If cobalt is prevented from entering the cell 
(i.e. by inactivation of an ion-transporter) the cells survive. 
Several such toxic agents Were selected (Table 1) and studies 
undertaken to recover cells that survived the toxic treatment 
if and only if an appropriate EGS Was expressed. 

Colonies Were then screened for arabinose (inducer) 
speci?c survival. Non-arabinose inducer dependent survi 
vors could arise by spontaneous mutation of the relevant 
gene(s). An outline of the experimental design is shoWn in 
FIG. 3. Brie?y, cells Were alloWed to groW to log phase and 
then Were exposed to arabinose. At this point, EGS expres 
sion Was induced. The cells Were then left in arabinose for 
several generations prior to treatment With the toxic agent. 
This incubation time is important because the EGS only 
affects mRNA levels and does not in?uence pre-existing 
proteins. Thus, the pre-existing protein must decay (or be 
diluted via groWth) prior to selection. 

FolloWing appropriate incubation, populations of cells 
Were treated individually With selective agents and survivors 
Were recovered. After removal of the selective agent, cells 
Were plated on non-selective media such that individual 
colonies could be analyZed. At this point individual clones 
Were then assayed for their ability to survive the selective 
treatment in the presence or absence of arabinose. 
Importantly, for each of seven different selective agents, 
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several arabinose-dependent (i.e. EGS-dependent) survivors 
Were recovered. Equally important, the resistance pheno 
types observed Were highly speci?c; ie those EGSs that 
conferred resistance to one selective agent did not confer 
resistance to any other of the agents. Finally, unambiguous 
evidence linking the resistance phenotype to a speci?c EGS 
Was obtained by retransformation of naive bacteria With 
plasmids expressing the appropriate EGS sequence. 

The nucleotide sequence of each active clone Was then 
determined and compared With the published nucleotide 
sequence of E. coli. It Was anticipated that the active EGS 
sequences Would be complementary to transcribed regions 
of the genome. HoWever, in no case Was perfect comple 
mentarity (Watson-Crick) observed. These observations 
indicated that, among other possibilities, thirteen nucle 
otides of EGS sequence may contain informational content 
in excess of that required for biological function. These 
experiments With selective agents demonstrated unequivo 
cally that: 
1. High penetrance, high speci?city, conditional phenotypes 

are elicited by EGS sequences 
2. Active EGS sequences can be ef?ciently and rapidly 

isolated from complex libraries. 

EXAMPLE 2 
Isolation and Characterization of EGS Sequences that When 
Expressed Cause Impairment of GroWth or Lethality 
The experiments described in Example 1 demonstrated 

EGS-dependent survival in the presence of certain selective 
agents. To prove more directly the utility of the EGS 
mediated approach for identi?cation of essential genes, 
studies Were conducted to obtain EGS sequences that, When 
expressed, caused a loss of viability. Although similar, these 
experiments differ someWhat in design from those outlined 
in Example 1, ie there is no Way to select for dead or dying 
cells. Accordingly, it is necessary to screen for those EGSs 
Whose expression leads to impairment of groWth. 

The most straightforWard Way to screen for a lethal 
phenotype is by “replica plating”. In such an approach, 
individual clones (colonies arising from a single bacterium) 
are arrayed in any of a variety of Ways, and replicate arrays 
are generated. In its simplest form, comparing the groWth of 
colonies either in the presence or absence of inducer (and 
hence EGS) reveals those EGSs that cause a groWth defect. 
Con?rmation that the defect is EGS-mediated can be done in 
a variety of Ways, including retransformation. 
The praticality of screening for lethal EGS sequences 

using simple replica plating depends upon the complexity of 
the library and the frequency of expected positives. Using 
the limited available data, it is possible to estimate the 
expected number of “positive” clones. The E. coli genome 
has a complexity of 4.6><106 bp. If one assumes a transcrip 
tion density approaching 100% and little, if any, symmetric 
transcription, the transcribed complexity is also 4.6><106. 
Further, a reasonable estimate of essential genes is approxi 
mately 10%. Assuming that there is not a signi?cant dispar 
ity in average siZe betWeen essential and non-essential 
genes, the effective target siZe for EGSs eliciting a lethal 
phenotype Would be 4.6><105 bases or about 400 genes of 1 
kb (not taking into consideration polarity effects and the fact 
that a majority of genes in E. coli are transcribed as part of 
operons). From the data set obtained With the second method 
as shoWn by Example 4, it is likely that only about 2% of the 
targetable nucleotides are “accessible”, or approximately 
10,000 targets distributed throughout the genome. Thus, 
With a truly randomiZed library, one Would expect approxi 
mately 10,000 active EGSs. In the case of the NllCC library 
only 1/ 16 of the possible sites Would be targetable, reducing 






























